This study focuses on the impact of morphological changes on storm surge disaster risks in coastal areas around the Meghna estuary of Bangladesh. Long term meso scale features of bathymetry change in the target area are first investigated through analysis of shoreline profiles extracted from satellite images. More than 40 shoreline profiles within the past 40 years are extracted from satellite images. Difference of the tidal phase during the period when satellite image was acquired is taken into consideration. Based on Cyclone Sidr of 2007, several model cyclones are selected for numerical computations of storm surges around the Meghna estuary. Besides shoreline profiles, ground elevations of the newly accreted lands are altered in the computation to compare the inundation area, inundation depth and hydrodynamic forces in each case. Results show that (i) 10 to 20 years of morphology change could alter local inundation height of the order of meters; (ii) elevation of newly created land affects the inundation time of surrounded area and 3m higher accreted land tends to shorten the inundation time up to 100 minutes; (iii) newly created land reduces the damage levels behind itself while it increases the inundation area and height in the area located seaside of itself and (iv) newly created land significantly reduces the stormy waves and hydrodynamic forces especially in the area behind itself.
Introduction
Facing to one of the shallowest bays of the world, wide and low-elevated coastal area of Bengal delta has suffered serious storm surge disasters. While the coastal area is relatively flat with low elevation, damages caused by storm surges due to Cyclone Sidr during November 2007 showed local variations and such local characteristics could be one of key features for more effective disaster mitigation strategies. Under significant sediment discharge from the Ganges River system, Bengal delta dramatically changes its bathymetry (shown in Fig. 1 ) and vulnerability of the coastal area may be strongly dependent on such dynamic morphology changes. Many previous research have focused on the erosion-accretion phenomena (Ahmed and de Wilde (2011); Carvajal et al. (2011) ; Ali et al. (2007) ; Islam et al. (2002) ; Barua et al. (1994) and Barua (1990) ) and storm surge problem (Kumar et al. (2011) ; Karim and Mimura (2008) ; As Salek and Yasuda (2002 , 1997 , 1996 , 1995 ; As Salek (1998); Flather (1994) and Murty et al. (1986) ) in the Meghna Estuary, separately. In the present research, we have investigated the impact of morphology change upon the storm surge risk alteration. Because, expanding population demands more space to settle down their living place and newly created land tends to be quickly occupied as residential and farming space. This feature makes it difficult to control the resilience of coastal area against storm surge disaster. Besides sea level rise, dynamic morphology change may be one of the most essential impact factors which changes coastal vulnerability against storm surge disaster risks. The primary goal of this study is thus to investigate overall impact of dynamic morphology change on regional coastal disaster risks. 
Nomenclature

Methodology
Satellite image analyses
Morphological change of the target area are first investigated through analysis of shoreline profiles extracted from Landsat satellite images. Fig. 2 shows an example of coastline extraction from Landsat images from the brightness values of the images. For land elevation SRTM (Shuttle Radar Topography Mission) data and for water depth GEBCO (The General Bathymetric Chart of the Oceans) data has been employed. Taguchi et al. (2013) showed that near the coast at the north-eastern part of the Meghna Estuary there are some inaccuracies in the GEBCO data. Taguchi et al. (2013) computed tidal water level at the southern boundary of the computation domain using nao99.b (Matsumoto et al. 2000) and tidal propagation using a non-linear shallow water model and corrected the GEBCO bathymetry at the north-eastern part of the Meghna Estuary by fitting the computed values with observed values of tidal water level. We have employed the corrected GEBCO bathymetry in the present study. On the other hand, the ground elevation of the newly accreted lands are altered as 1m, 2m and 3m, respectively, for numerical experiments to investigate their impact upon inundation. The coastline changes around the Urir Char Island appears to be most significant. Also, the emergence of Jahajir Char Island at the south-west of Urir Char Island is another significant changes during recent times. The southern part of mainland Noakhali appears to have accreted significantly during 1999 to 2009. Both Sandwip and Hatiya islands accreted along their east coasts during recent times. Some of the islands located at the north-west of Hatiya Island also accreted during the period of 1999-2009. The analyses of coastline change through the satellite images is focused at the northern part of the estuary as this is the most dynamic area of the estuary. 
Numerical modeling of storm surge and inundation
The storm surge computation is performed with a 2DH non-linear shallow water model with shear term due to Coriolis force, wind shear and bottom friction term. The governing equations of the model are provided as follows. 
Computation domain for the storm surge modeling is shown in Fig. 4(a) . Spatial resolution for the 2DH model is 30 arc-seconds and time step for calculation is 10 seconds. For computing inundation at the north-eastern part of the Meghna Estuary a much smaller computation domain has been employed which is the same as shown in Fig. 3 . A horizontal resolution of 3 arc-seconds is employed for the smaller domain. Fig. 4(b) shows the measurement locations of inundation heights at Patuakhali, Barguna and Bagerhat districts obtained from Shibayama et al. (2009) ; A: Kuakata 5.6m, B: Somboria 8.2m, Naltona 6.8m, D: Southkhali 6.2m and Rayenda 6.6m. Fig. 4(c) shows the validation of the numerical model, where the computed water level profiles are able to simulate the highest inundation levels ate different location with reasonable accuracy. In Fig. 4(b) the back dotted line shows the original Sidr tack, the red and blue dotted lines are each 0.5 degree apart to the right show the two more model cyclone tracks being considered for this study. Other cyclone properties, such as track speed, core cyclone radius, core central pressure and wave conditions for these two model cyclones have been kept the same as cyclone Sidr. Comp.
Comp.
To calculate the surge propagation and inundation in the smaller computation domain shown in Fig. 3 , time series of computed water surface fluctuations obtained from the larger domain are provided as boundary conditions along the southern boundary of the smaller domain. To obtain boundary conditions at 3 arc-second interval for the smaller domain, linear interpolation method is employed to the computed values of the larger domain at 30 arcsecond interval.
Wave modeling
In addition to the storm surge during a cyclone, the strong winds also create large waves. Breaking waves contribute to water level rise through wave run-up and wave setup. Wave run-up occurs when wave breaks and water is propelled into the land. Wave setup occurs when waves continually break onshore and water from the runup piles up along the coast because it cannot go back to the sea. So during a cyclone, the water level rises as the cyclone approaches, especially since the waves become larger and more water is pushed onshore.
As measured wave data in the study area is unavailable, wave estimation is based on wind data. At the same time, during a cyclonic event wind field continuously varies as the core of the cyclone passes over an area. For the larger computation domain wave modeling is performed with WAM, which is developed by WAMDI Group. Spatial resolution for the larger domain is 2 degrees and time step 10 minutes. For the smaller computation domain energy balance equation is applied with boundary conditions obtained from the computed values of larger domain. Calculated significant wave height (Hs), wave direction (q) and significant wave period (Ts) for the three tracks mentioned before are summarized in Table 1 . Since the maximum wave height is most important as far as damage is concerned, maximum wave height is extracted at the boundary of the smaller domain from the larger domain from WAM computation. 
Damage assessment
For each of the inundated area unit, damage probability (Pi) is calculated as functions of wave height, inundation depth and flow velocity using an empirical relationship. Total damaged area (S) is then obtained from equation (4) following Koshimura et al (2009) .
(4)
Results and Discussions
The results from numerical simulations of inundation depth at the smaller domain is summarized in Fig 6. This figure shows the change of inundation depth due to land accretion from 1989 to 1999 (upper panel) and from 1999 to 2009 (lower panel) for three alternate tracks. From the figure it clearly appears that 10 to 20 years of morphology change could change local inundation height with the order of meters. It can be noted from Fig. 6 that newly created lands reduce the inundation behind itself shown by the blue area with red circles in Fig. 6 . At the same time, the newly accreted lands increase the extent of inundation area and height at the area located sea-side shown by the red area with blue circles in Fig. 6 . When the cyclone track moves towards east, inundation increases in the islands around Hatiya (i.e. seaside of the accreted lands) while it reduces inundation at Urir Char Island, Sandwip Island and mainland Noakhali (i.e. landside of the accreted lands). Fig. 7 . Impact of ground elevation of accreted lands upon surge height at three different locations at the north-eastern part of Meghna Estuary. Fig. 7 shows the impact of ground elevations of the newly accreted lands upon surge height profile. Upper left panel shows the locations of the three locations being considered for water surface profile during the storm surge. From the figure it appears that at locations A and B, higher land elevation tends to reduce the time before inundation, i.e. water level rises faster at these locations. The maximum difference in inundation time between 3m ground elevation and 1m ground elevation is about 100 minutes. No significant impact of ground elevation is observed at location C. So, higher ground elevation of the newly accreted lands may reduce the evacuation time. Table 1 shows the estimated damaged area for three different cyclone tracks and with three alternate ground elevations of the newly accreted lands. From the table it is evident that total damaged area reduces with higher elevation of newly accreted lands for all the cyclone tracks while damaged area increases with the cyclone tracks moving towards east for all ground elevations. 
Conclusions
This study aims to investigate the impact of morphology change upon storm surge disaster in the Meghna Estuary of Bangladesh. Coastlines of previous three decades are extracted using satellite images. A 2DH nonlinear shallow water model including a cyclone module is applied to calculate surge propagation, inundation depth and flow velocity. Three alternate cyclone tracks, including the track of cyclone Sidr are investigated. Wave modeling is performed with WAM. It is found that the newly developed land may decrease inundation on the landside of it whereas it may increase the inundation area on the seaside of the land. Extent of such impact depends strongly on the track of cyclone. Higher ground level tends to decrease the damaged area whereas it may shorten the evacuation time for residents.
